In this study, HPLC-MS/MS with triple-quadrupole tandem mass spectrometer was used to analyze the base-catalyzed thermal degradation derivative of progesterone in Chinese Pharmacopoeia. The full-scan spectrometry revealed that the degradation product was an isomer of progesterone, it was proposed as impurity M ((17α)-pregn-4-ene-3,20-dione) in European Pharmacopoeia, and both the derivative and progesterone were neutral molecules. Four kinds of chromatographic column characterization databases including PQRI database using Snyder/Dolan method, the USP chromatographic column database using the SRM 870 tests, the Tanaka/Euerby approach within the ACD program, and the Hoogmartens approach were compared. Combing the principles of column characterization databases with the system requirement of progesterone-related substances testing, a suitable PQRI-based method was finally set up for progesterone-related substances detecting. Our results indicated that PQRI system of Snyder/Dolan method was the most suitable system for related substances detection of progesterone.
| INTRODUCTION
Progesterone is an endogenous steroid and involves in the menstrual cycle, pregnancy, and embryogenesis of humans and other species, which is synthesized and secreted by the corpus luteum. [1] It is one of the basic steroid hormones and is an endogenous substance found in mammalian endocrine system. Combine with estrogens, progesterone is widely used in hormone therapy for menopausal symptoms and low sex hormone levels in women. Moreover, progesterone is also used for luteal support in assisted reproductive technology (ART) cycles such as in vitro fertilization (IVF) and is used to prepare uterine lining in infertility therapy and to support early pregnancy. [2, 3] Many process-related impurities or derivatives may produce during the progesterone synthesis and usage. In order to ensure the safety and effectiveness of progesterone, both Pharmacopoeia of the People's Republic of China (2015) Volume II (ChP) and European Pharmacopoeia 9.0 (EP) have strict regulatory requirements regarding the related substances in progesterone soft capsules and progesterone injections. [4, 5] Since many impurities have the similar structural skeleton of progesterone, the separation requirement is very strict. For example, Zhang Y et al. set up a progesterone derivative detection method through LC-DAD-ESI/MS, and Zhang Shimin et al. reported simultaneous quantitation of 17α-hydroxyprogesterone caproate, 17α-hydroxyprogesterone, and progesterone in human plasma using HPLC-MS/MS. [6, 7] However, the structure information of the base-catalyzed thermal degradation's derivative in ChP was not clarified. HPLC is the most useful and widely applied analysis technology. [8] Chromatographic stationary phase structure is the core of HPLC, and the separation effect is closely related to chemical and physical characteristics of the stationary phase. There are about 800 different brands of C18 chromatographic columns and about 100 different brands of C8 chromatography columns in the market. Different brands of chromatographic columns may show great differences in solute retention and peak resolution between the peaks and even elution order. [9] The chromatographic column selection is mainly based on the hydrophobicity, hydrophilicity, molecular size (shape and size), charge (ionic exchange), dissociation (pKa), and so on. [10] [11] [12] [13] Type of chromatographic column packing, particle shape, particle size, specific surface area, pore size, ratio of bonding phase (carbon content), end group closure, column diameter, and length can all affect chromatographic separation effects. [14] [15] [16] [17] Several chromatographic column characterization systems have been reported by now, such as (a) the Snyder/Dolan approach (also called the PQRI procedure) is considered as the most comprehensive method for chromatographic column characterization. [18] [19] [20] [21] [22] [23] (b) The USP approach is developed by the USP Working Group on Column Equivalency using the NIST SRM 870.
[14]a (c) The Tanaka/Euerby approach is embedded in the ACD program. [24] b (d) The Hoogmartens approach has recorded over 100 brands of columns so far. [25] c In the above four systems, the Snyder/Dolan method (PQRI), the United States Pharmacopoeia method (the USP approach), and the Tanaka/Euerby approach (ACD) are used more often. The PQRI database (Snyder/Dolan Approach) had most columns recorded (totally 692 items until July 2018). The USP approach database had totally 124 items until July 2018, which can get free on the website: http://apps. usp.org/app/USPNF/columnsDB.html. The ACD database had 350 recorders, which was free on website http://www.acdlabs. com/resources/freeware/colsel/. Hoogmartens approach had recorded over 100 brands of columns so far. In this study, PQRI database was selected to optimize the detection system for the related substances of progesterone according to requirements of Pharmacopoeia of the People's Republic of China (2015) Volume II. The HPLC experiments were carried out, and the analytical approach was optimized carefully. Finally, a reasonable detection method based on HPLC column selection for progesterone-related substances testing was set up. We hope our findings can provide a general method for HPLC chromatographic column choosing in progesterone-related substances testing.
| EXPERIMENTAL SECTION

| Materials and reagents
Progesterone was obtained from China Institutes for Food and Drug Control (batch number: 100027-201209). Methanol and acetonitrile (HPLC purity) were purchased from Merck (Germany). Sodium hydroxide (reagent grade, ≥98%) and hydrochloric acid (analysis reagent, 1 mol/L) were supplied by Sigma-Aldrich (USA). Deionized water was prepared using the Milli-Q system (Millipore, Bedford, MA, USA). Sodium hydroxide and hydrochloric acid were used to prepare degradation solution in the testing of related substances of progesterone. An electronic balance with 0.01 mg precision (Mettler Toledo XS205, Zurich, Switzerland) was used for weighing. A pH meter (Sartorius PB-10, Germany) was used for pH adjusting.
| Sample preparation
System suitability was prepared by dissolving 25 mg progesterone in 10 ml of 0.l M methanol sodium hydroxide solution and heated in a water bath at 60°C for 4 hr. After cooled to the room temperature, the above solution was neutralized using l M hydrochloric acid solution, diluted with methanol to a final volume of 25 ml, and stored in an airtight tube protected from light at 25°C for further use. Exactly 10 μl of the final solution was injected into liquid chromatography column for each detection.
| HPLC columns
The Snyder/Dolan, USP, Tanaka/Euerby ACD, and Hoogmartens systems were compared carefully in Table 1 . Eleven octyl silane (C8) chemically bonded columns were used in this study, together with the associated hydrophobicity, steric selectivity, hydrogen-bond acidity, basicity, and cation exchange parameters, are summarized in Table 2 . On the basis of retention time measurements for 150 different test compounds and 100 different alkyl-silica columns, the PQRI procedure used five column properties to describe column selectivity, values of these parameters are physicochemical characteristics of stationary phase, and do not vary much with column conditions, except that C value depends on mobile phase pH. The five parameters including column hydrophobicity (H), column steric selectivity (S*), column hydrogenbond acidity (A), column hydrogen-bond basicity (B), and column cation exchange (C) were used to calculate the column comparison function (Fs). The Fs value utilizes Euclidian distances with weighted factors as in Equation (1). [26] Where H 1 and H 2 refer to values of H for Columns 1 and 2, and similarly for S*, A, B, and C.
Column hydrophobicity (H): H value increases with column's hydrophobicity increases, resulting in an increased retention of hydrophobic (less polar) solutes. Steric selectivity (S*): S* value decreases for columns can result in greater steric hindrance to the penetration of bulky solute molecules into the stationary phase. Column hydrogenbond acidity (A): Columns with larger values of A provide increased retention for hydrogen-bond acceptors (e.g., The total records of column in the database.
b
The records of octylsilane chemically bonded to totally porous or superficially porous silica particles (C8). 
| HPLC-MS/MS conditions
An Agilent 1290 Infinity II high-performance liquid chromatography system (HPLC, Agilent Technologies Inc, USA), consisted of a quaternary pump, an autosampler, a column compartment, and an ultraviolet (UV) detector, was employed for the testing of progesterone-related substances. The mobile phase was methanol-acetonitrile-water (25:35:40), and the flow rate of 1.0 ml/min was used for all studies. The column temperature was maintained at 30°C throughout.
Thermo TSQ QUANTUM ACCESS Max Liquid Chromatography-Mass Spectrometers (Thermo Fisher Scientific, USA) was used for MS detection of degradations from progesterone. The liquid chromatography (LC) effluent was introduced into the electrospray ionization (ESI), detect with a triple-quadrupole tandem mass spectrometer. MS parameters setting was as follows: collision energy of progesterone in ESI was 22 eV, the mass scanning range covered 50-317 (m/z), the spray voltage was 3,000 V, the capillary temperature was 350°C, and the vaporizer temperature was 335°C.
| Method development strategy
The sample was analyzed on a series of columns (Table 2) varying in hydrophobicity and polarity using an automated column selection system. Because the PQRI database has the maximum records, and many columns used were recorded clearly in PQRI database, Snyder/Dolan database was selected to compare the separating effects of the thermal derivative from progesterone. For each column, the similarity characterized by Fs value was verified through computing correlation coefficient between Fs value and the actual resolution in IBM SPSS Statistics 19 (https://www.ibm.com/ cn-zh/marketplace/spss-statistics).
| RESULTS AND DISCUSSION
| HPLC-MS/MS analysis of progesterone and the base catalysis thermal degradation product
Progesterone, containing four rings, A, B, C, and D, belongs to the steroid hormones. The structure of progesterone is shown in Figure 1a , and the number of each carbon atom on steroid parent skeleton is marked in Figure 1b phase. In order to fit the requirements of the detection, the resolution between progesterone and the derivative peak must be not <4.0, and the relative retention time of the derivative is about 1.1 times of progesterone. For HPLC-MS/MS triple-quadrupole tandem mass spectrometer analyses, full-scan spectrometry in positive ion mode is shown in Figure 3 . Figure 3a is the mass spectrogram of progesterone, and Figure 3b is the mass spectrograms of the thermal degradation products. The molecular formulas and the molecular weight of impurities A~M recorded in EP are listed in Table 3 . The mass spectrogram results showed that the degradation product is an isomer of progesterone. From Table 3 , we found that only the impurity M ((17α)-pregn-4-ene-3,20-dione) had the same molecular weight as progesterone, which indicated that impurity M may be the mainly base-catalyzed thermal degradation derivative in the testing solution.
| The database analysis and the separation results of different columns
Since progesterone and impurity M were isomers, it was necessary to find out a suitable column to separate them well. We found that progesterone and all related substances were all neutral molecules (not strongly acidic or strong alkaline), which make the separation between progesterone and the derivatives become difficult. From Table 1 , we can find that the Snyder/Dolan approach, also known as the PQRI procedure, recorded a total of 686 kinds of chromatographic columns including 104 C8 columns; USP chromatographic column system only contained 124 C18 columns, without records of C8 column; ACD/Labs column selector (the ACD method of Euerby) contains 340 kinds of chromatographic columns, including 18 C8 columns. The PQRI column system recorded the most collection of C8 columns' information, while the C8 columns' records in the other three systems are insufficient. After compared the above four databases according to the principal component analysis (PCA), hierarchical cluster analysis (HCA), and pairwise correlation coefficient method, [14, 26] the correlate characteristics for these column databases were got, and the Snyder/Dolan approach was used for further detection and analysis.
In Snyder/Dolan approach, the column selectivity accounts by the following column properties: column hydrophobicity (H), column steric interaction (S*), column hydrogen-bond acidity (A), column hydrogen-bond basicity (B), and column ion-exchange capacity (C). The values of the above parameters do not vary much except that C value depends on the pH of mobile phase. So, it was necessary to specify whether a high-pH or low-pH mobile phase could be used for the separation. The USP program allowed a choice of pH = 2.8 (low) or 7.0 (high). Since the column selectivity for carboxylic acids was measured by the parameter B, while the selectivity for basic compounds was measured by C. These made if the sample contains acids, it was necessary to check the "acids present" box in the program. Similarly, if the sample contains bases, the "Bases present" box should be checked. If we could not figure out whether acids or bases were in the sample, both boxes should be checked. When two columns were compared using the PQRI procedure, their similarity or difference was indicated by a quantity Fs. After the reference column was selected in the "Select column" box, hit the "View similar" or "View different" key, and then we could see columns that are similar or different (for applications in orthogonal methods) displayed in order of decreasing similarity or difference. Columns which had values of Fs not larger than 3 were very likely to give an equivalent separation for the same experimental conditions and sample. [24] Progesterone and its related substances were neutral molecules. So, do not need to check "Acids present" box and "Bases present" to investigate their correlation when calculating the Fs value. In our experiments, 11 C8 columns of nine different brands were investigated. It was found that not all chromatographic columns reached the resolution of 4.0. The Phenomenex Luna C8 with the highest resolution among the 11 chromatographic columns was used as reference column, and the Fs values of other chromatographic columns were calculated, and the resolution between the peaks of degradation product and progesterone of each column is shown in Table 4 . The columns with Fs < 6 had the resolution exceeding 4.0 and were suitable for the system suitability requirement ( Figure 4 ). The correlation analysis showed that the Fs value was significantly correlated with the resolution at the 0.01 level (bilateral) in (Figure 5 ). In our study, we found that progesterone and the degradation substance are isomer, and both are neutral molecules. The column steric interaction parameter S* is the decisive factor for the separation, and column hydrogen-bond acidity parameter A is secondly influential in HPLC method. Our result also was in accordance with other parameters of columns such as pore diameter, specific surface area, and carbon load in Table 2 . More specific surface and higher carbon load often imply stronger hydrophobicity and so better resolution. Bigger pore diameter is also helpful to hydrophobicity.
| CONCLUSIONS
In the work, we aim to set up a standard method for progesterone-related substances detection by comparing a panel of varied C8 column assembled in high-performance liquid chromatography system. We first found that the degradation product of progesterone was proposed as (17α)-pregn-4-ene-3,20-dione according to the full-scan spectrometry analyzed by HPLC-MS/MS with triple-quadrupole tandem mass spectrometer. However, the separation requirement of the liquid chromatography column for progesterone-related substances test is still unclear. By comparing the effects of four kinds of chromatographic column characterization databases including PQRI database, the USP chromatographic column database, Tanaka/Euerby approach, and Hoogmartens approach, we then established the method for selecting suitable chromatographic columns for the detection of progesterone-related substances. Finally, we have indicated that Phenomenex Luna C8 column is suitable for progesterone and its degradation product determination with the highest resolution. Taken together, this study proved that PQRI system of Snyder/Dolan method was the most wideranging and suitable column selection, and it was helpful in selecting suitable column for related substances testing.
